Targeting Chk1 in p53-Deficient Triple Negative Breast Cancer is Therapeutically beneficial in human-in-mouse tumor models by Ma, Cynthia X. et al.
Research article
	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 122      Number 4      April 2012  1541
Targeting Chk1 in p53-deficient triple-negative 
breast cancer is therapeutically beneficial  
in human-in-mouse tumor models
Cynthia X. Ma,1,2 Shirong Cai,3,4 Shunqiang Li,1,2 Christine E. Ryan,3,4 Zhanfang Guo,1,2  
W. Timothy Schaiff,3,4 Li Lin,1,2 Jeremy Hoog,1,2 Reece J. Goiffon,4,5 Aleix Prat,6  
Rebecca L. Aft,7,8 Matthew J. Ellis,1,2 and Helen Piwnica-Worms2,3,4
1Section of Breast Oncology, Division of Oncology, 2Department of Medicine, 3Department of Cell Biology and Physiology, 4BRIGHT Institute, and  
5Mallinckrodt Institute of Radiology, Washington University School of Medicine, St. Louis, Missouri, USA. 6Lineberger Comprehensive Cancer Center, 
University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA. 7Department of Surgery,  
Washington University School of Medicine, St. Louis, Missouri, USA. 8John Cochran Veterans Hospital, St. Louis, Missouri, USA.
Patients	with	triple-negative	breast	cancer	(TNBC)	—	defined	by	lack	of	estrogen	receptor	and	progesterone	
receptor	expression	as	well	as	lack	of	human	epidermal	growth	factor	receptor	2	(HER2)	amplification	—	have	
a	poor	prognosis.	There	is	a	need	for	targeted	therapies	to	treat	this	condition.	TNBCs	frequently	harbor	muta-
tions	in	TP53,	resulting	in	loss	of	the	G1	checkpoint	and	reliance	on	checkpoint	kinase	1	(Chk1)	to	arrest	cells	in	
response	to	DNA	damage.	Previous	studies	have	shown	that	inhibition	of	Chk1	in	a	p53-deficient	background	
in	response	to	DNA	damage.	We	therefore	tested	whether	inhibition	of	Chk1	could	potentiate	the	cytotoxicity	
of	the	DNA	damaging	agent	irinotecan	in	TNBC	using	xenotransplant	tumor	models.	Tumor	specimens	from	
patients	with	TNBC	were	engrafted	into	humanized	mammary	fat	pads	of	immunodeficient	mice	to	create	3	
independent	human-in-mouse	TNBC	lines:	1	WT	(WU-BC3)	and	2	mutant	for	TP53	(WU-BC4	and	WU-BC5).	
These	lines	were	tested	for	their	response	to	irinotecan	and	a	Chk1	inhibitor	(either	UCN-01	or	AZD7762),	
either	as	single	agents	or	in	combination.	The	combination	therapy	induced	checkpoint	bypass	and	apoptosis	
in	WU-BC4	and	WU-BC5,	but	not	WU-BC3,	tumors.	Moreover,	combination	therapy	inhibited	tumor	growth	
and	prolonged	survival	of	mice	bearing	the	WU-BC4	line,	but	not	the	WU-BC3	line.	In	addition,	knockdown	
of	p53	sensitized	WU-BC3	tumors	to	the	combination	therapy.	These	results	demonstrate	that	p53	is	a	major	
determinant	of	how	TNBCs	respond	to	therapies	that	combine	DNA	damage	with	Chk1	inhibition.
Introduction
Triple-negative breast cancer (TNBC) lacks the expression of estro-
gen receptor (ER), progesterone receptor (PR), and human epi-
dermal growth factor receptor 2 (HER2) gene amplification and 
carries a particularly poor prognosis due to its association with 
aggressive tumor characteristics and the lack of effective targeted 
therapies. Interestingly, TP53 mutation is observed in up to 44% of 
TNBC compared with 15% in the more indolent ER-positive breast 
cancers (1). p53 plays a key role in arresting cell-cycle progression 
in the presence of genotoxic stress in order to maintain genome 
integrity. In response to DNA damage, normal cells arrest in G1 
(via p53) to allow time for DNA repair or they proceed into apop-
tosis if the DNA damage is too severe. In contrast, p53-deficient 
tumor cells rely on checkpoint kinase 1 (Chk1) to arrest cell-cycle 
progression in the S and G2 phases. In response to replicative or 
genotoxic stress, Chk1 phosphorylates its key target, the Cdc25A 
phosphatase (2–5). This leads to ubiquitin-mediated proteolysis 
of Cdc25A and cell-cycle arrest (4–9). When the S and G2 check-
points are abrogated by inhibition of Chk1, p53-deficient cancer 
cells undergo mitotic catastrophe and apoptosis (10–17).
Several preclinical studies have demonstrated that Chk1 inhibi-
tors selectively potentiate the effects of DNA-damaging agents, 
such as chemotherapy or radiation, in TP53-mutated cancer cells, 
and several Chk1 inhibitors are being tested in clinical trials (18). 
Since TNBC is commonly associated with TP53 mutation, we 
hypothesized that a potential therapeutic strategy for treating 
TNBC would be to inhibit Chk1 to enhance the cytotoxicity of 
DNA-damaging agents. We tested this hypothesis by using 2 dif-
ferent Chk1 inhibitors (UCN-01 and AZD7762).
UCN-01 (7-hydroxystaurosporine) is a multitarget serine-threo-
nine protein kinase inhibitor that potently inhibits Chk1 (IC50 = 10 nM) 
and was the first Chk1 inhibitor to be identified (14). UCN-01 
exhibits preclinical  synergy with DNA-damaging agents  (19). 
AZD7762 is a newer generation, more selective Chk1 inhibitor. 
AZD7762 inhibits Chk1 by reversibly binding to the ATP-binding 
site of Chk1, with an IC50 of 5 nM and a KI of 3.6 nM (20).
In this study, we tested the hypothesis that loss of p53 function 
would exhibit synthetic  lethality with DNA damage and Chk1 
inhibition in TNBC. We predicted that inhibition of Chk1 would 
enhance the antitumor effects of irinotecan (DNA-damaging agent) 
by eliminating checkpoint responses selectively in tumors harbor-
ing TP53 mutations. We employed early passage human-in-mouse 
(HIM) models (21), which are patient tumor explants engrafted into 
the “humanized” mammary fat pads of immunocompromised mice. 
We denoted these HIM models as Washington University–breast 
cancer (WU-BC) tumor lines. Three TNBC HIM lines were chosen, 1 
WT and 2 mutant for TP53. Mice engrafted with these tumors were 
treated with irinotecan and 2 different Chk1 inhibitors (UCN-01 
and AZD7762) either as single agents or in combination for long-
term survival and tumor growth studies as well as short-term path-
way analysis. In addition, isogenic lines of WU-BC3 differing only 
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in p53 status were generated, and the response of these lines to the 
combination of irinotecan and AZD7762 was assessed to determine 
the contribution made by p53 status to tumor response.
Results
Generation of HIM tumor models of TNBC. We employed methodolo-
gies first described by Kuperwasser et al. (21) to establish a panel 
of HIM breast cancer xenograft models in immunodeficient NOD/
SCID mice. We selected 3 human TNBC HIM models (WU-BC3, 
WU-BC4, and WU-BC5) that differed in p53 status for our study. 
The WU-BC3 line was generated by engrafting the primary breast 
tumor of a patient with metastatic TNBC into the humanized 
mammary fat pad of NOD/SCID mice. DNA sequencing revealed 
that this tumor was WT for TP53. WU-BC4 was generated using an 
abdominal metastasis from a patient with TNBC. DNA sequenc-
ing revealed that this tumor encoded a homozygous R175H muta-
tion in TP53. WU-BC5 was generated from the brain metastasis in 
a patient with TP53 mutant (S166S[insC]/S166S[insC]) TNBC and 
encoded a truncated p53 protein of approximately 18 kDa (data not 
shown). The functional integrity of the p53 pathway was assessed in 
each HIM line by determining whether DNA damage induced the 
accumulation of p53 and its downstream effector, p21. As seen in 
Figure 1, treatment of mice with irinotecan resulted in the stabiliza-
tion of p53 and accumulation of p21 in WU-BC3 (TP53 WT) but not 
WU-BC4 (TP53 mutant) or WU-BC5 (TP53 mutant) tumor cells.
Gene-expression profiling and application of the PAM50 sub-
type–based predictor (22) categorized both WU-BC4 and WU-
BC5 as basal like (Figure 2), the most common intrinsic molecular 
subtype of TNBC (23). WU-BC3 was identified as nonbasal TNBC 
and clustered most closely with the HER2-E subtype, but without 
HER2 overexpression (Figure 2). The HER2-E molecular subtype 
has been reported in 9% of TNBC (24). Importantly, tumors from 
different passages of the same HIM model clustered more closely 
with each other and with their original human counterpart than 
with any other tumor (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI58765DS1).
Chk1 inhibitors potentiated the apoptosis-inducing effects of irinotecan 
selectively in TP53 mutant tumors. To determine how the TNBC HIM 
models differing in p53 status respond to DNA damage and/or 
Chk1 inhibition, mice bearing either WU-BC3 or WU-BC4 were ran-
domly assigned to the treatment groups outlined in Table 1. These 
included vehicle (DMSO, i.p. injection at hours 0, 24, and 42), irino-
tecan (100 mg/kg i.p. at hour 0), Chk1 inhibitor (4 mg/kg UCN-01 
i.p. or 25 mg/kg AZD7762 i.p. at hours 24 and 42), or a combination 
therapy of irinotecan at hour 0 followed by Chk1 inhibitor at hours 
24 and 42. Two mice carrying 2 breast cancer xenografts each were 
subjected to 1 of these treatment regimens. One treatment group 
(irinotecan only) was sacrificed at hour 24, and the remaining treat-
ment groups were sacrificed at hour 48. Tumors were processed for 
immunofluorescence (IF) staining and Western blotting. We first 
assessed the effect of therapy on the induction of apoptosis by moni-
toring for the appearance of cleaved caspase-3. Representative images 
of the IF staining for cleaved caspase-3 are shown in Figure 3, A and B, 
and quantitation is shown in Figure 3C. Compared with single agent 
alone (either irinotecan or Chk1 inhibitor), the combination therapy 
(irinotecan followed by either UCN-01 or AZD7762) produced a sig-
nificantly greater increase in tumor cell apoptosis in TP53 mutant 
line WU-BC4 than in WU-BC3, the TP53 WT line (Figure 3C). The 2 
Chk1 inhibitors (UCN-01 or AZD7762) were both effective at poten-
tiating the apoptotic-inducing effects of irinotecan (Figure 3C).
The effect of Chk1 inhibition on irinotecan-induced apoptosis 
was also compared between WU-BC5 and WU-BC3 (Figure 3, D 
and E) following the same treatment and tumor-harvesting proto-
cols as described above. Immunohistochemistry (IHC) of cleaved 
caspase-3 was performed. Tumor-bearing mice were treated with 
vehicle, irinotecan, UCN-01, or irinotecan followed by UCN-01. 
A significant induction of apoptosis following the combination 
therapy was observed in WU-BC5, but not in WU-BC3 (Figure 3, D 
and E). These results suggest that Chk1 inhibitors sensitize TP53 
mutant TNBCs to the cytotoxic effects of irinotecan.
Chk1 inhibitors abrogated cell-cycle arrest and enhanced DNA-damaging 
effects of irinotecan selectively in the TP53 mutant tumors. Since TP53 
mutant cells rely on the function of Chk1 for S and G2 cell-cycle 
checkpoint regulation, the enhanced apoptotic effect of Chk1 
inhibitors in combination with irinotecan in these cells could 
be explained by checkpoint abrogation (due to Chk1 inhibition) 
in the presence of DNA damage (induced by irinotecan). To test 
this hypothesis, we compared WU-BC3 and WU-BC4 for levels 
of γH2AX to assess DNA double-strand breaks (DSBs) (25) and 
phosphohistone H3 to identify cells in mitosis (26, 27) follow-
ing the various treatment regimens. Representative IF images are 
shown in Figure 4, A and B, and quantitation in Figure 4, C–E. 
γH2AX staining was observed  in approximately 5% to 30% of 
tumor cells from irinotecan-treated mice (Figure 4, A–C). Chk1 
inhibitors alone (either UCN-01 or AZD7762) induced negligible 
or statistically insignificant levels of DNA DSBs in WU-BC3, and 
AZD7762 induced only modest DNA DSBs in WU-BC4 (Figure 4, 
A–C). However, combining irinotecan with either Chk1 inhibitor 
abrogated cell-cycle arrest selectively in the TP53 mutant tumor 
cells (WU-BC4), as indicated by the increase in the number of cells 
staining positive for phosphohistone H3 (Figure 4D). Importantly, 
approximately 50% of WU-BC4 staining positive for phosphohis-
tone H3 (indicative of mitosis) also stained positive for γH2AX 
(Figure 4E). Thus, in the absence of a functional p53 pathway, 
TNBC cells under Chk1 inhibition moved into mitosis despite the 
fact that their genomes contained high levels of DNA DSBs.
Levels of phosphorylated ribosomal S6 protein (pS6) were also 
monitored, since UCN-01, but not AZD7762, is a potent 3-phos-
phoinositide–dependent protein kinase-1 (PDK1) inhibitor (28). 
As seen in Figure 4F, a significant reduction in pS6 staining was 
observed in UCN-01– but not AZD7762-treated HIMs, and this 
was independent of TP53 status. Therefore, the antitumor effect of 
UCN-01 is unlikely to be due to its ability to inhibit PDK1.
Figure 1
Functional integrity of p53 pathway in HIM models. Mice harboring 
WU-BC3, WU-BC4, and WU-BC5 were treated with vehicle (V) or iri-
notecan (I), and tumors were isolated 24 hours later. Lysates were 
prepared and resolved by SDS-PAGE and analyzed for the indicated 
proteins by Western blotting. Note the increased baseline p53 expres-
sion due to the missense mutation in WU-BC4 (lane 3) compared with 
WU-BC3 (lane 1) and the absence of intact p53 protein due to the 
deletion mutation in WU-BC5 (lane 5).
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In a separate set of experiments, WU-BC3 and WU-BC5 were ana-
lyzed for levels of γH2AX and phosphohistone H3 by IHC staining 
after treating mice with either vehicle, irinotecan, UCN-01, or the 
combination of irinotecan and UCN-01. Abrogation of cell-cycle 
arrest and enhanced DNA damage were observed in TP53 mutant 
WU-BC5 cells, but not WU-BC3 (TP53 WT) cells in response to the 
combination therapy (Figure 5). These results demonstrated that 
the combination therapy leads to checkpoint abrogation selective-
ly in TP53 mutant TNBCs.
Chk1 inhibitors in combination with irinotecan improved host sur-
vival and reduced tumor growth selectively in TP53 mutant tumors. The 
enhanced apoptotic effect of Chk1 inhibitors in combination with 
irinotecan in TP53 mutant tumors was confirmed in survival stud-
ies. Mice bearing either WU-BC3 or WU-BC4 were treated with 4 
cycles of vehicle, irinotecan, AZD7762, or the combination of iri-
notecan and AZD7762 (irinotecan on day 1 followed by AZD7762 
on days 2 and 3 of a 5-day cycle). Mice were followed until death or 
were sacrificed if tumors reached 2 cm or mice experienced unac-
ceptable toxicities. Most of the mice in the study were sacrificed 
due to tumor size reaching 2 cm. The longest survival and tumor 
growth suppression was observed in TP53 mutant WU-BC4–bear-
ing mice in the combination therapy arm (Figure 6, A, B, and D). 
Survival and tumor growth rates observed in WU-BC3–bearing 
mice were similar regardless of treatment arms (Figure 6, A–C). 
Figure 2
Identification of the PAM50 intrinsic 
subtypes in the WU-BC models. 
Hierarchical clustering of different 
passages of WU-BC3, WU-BC4, 
and WU-BC5, their human counter-
parts (for WU-BC4 and WU-BC5), 
an ovarian metastasis from a 
mouse harboring WU-BC5, and 
40 breast samples representing 
all breast tumor subtypes, includ-
ing the normal breast–like group 
(i.e., prototypic tumor samples), 
were analyzed. Black squares 
represent samples from the xeno-
grafts. White squares represent 
human specimens. Expression of 
the PAM50 genes was centered 
on the prototypic tumor samples. 
Columns, samples; rows, genes; 
red and green squares denote 
expression levels above or below 
the median, respectively. The 
magnitude of deviation from the 
median is represented by color 
saturation. The array and gene 
trees represent overall similarities 
in gene expression.
Table 1
Experimental therapy for biomarker studies
	 	 	 Treatment	group	
Time	point	 Vehicle	 Irinotecan	 UCN-01	or	AZD7762	 Irinotecan	+	UCN-01	or	Irinotecan	+	AZD7762
0 Vehicle 100 mg/kg Vehicle Irinotecan 100 mg/kg
24 hours Vehicle Harvest tumor UCN-01 4 mg/kg or AZD7762 25 mg/kg UCN-01 4 mg/kg or AZD7762 25 mg/kg
42 hours Vehicle  UCN-01 4 mg/kg or AZD7762 25 mg/kg UCN-01 4 mg/kg or AZD7762 25 mg/kg
48 hours Harvest tumor Harvest tumor Harvest tumor Harvest tumor
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Median time to animal sacrifice ± 95% CIs was calculated using 
Kaplan-Meier analysis, and pairwise significance values were calcu-
lated for the survival curves using the log-rank test. In the WU-BC4 
treatment group (TP53 mutant), progression to animal death was 
significantly different between vehicle-treated controls and ani-
mals treated with irinotecan or the combination of irinotecan and 
AZD7762 (P = 0.0002 for both comparisons) (Figure 6B). These 
2 treatments also varied significantly with each other in delaying 
tumor growth for WU-BC4 but not WU-BC3 (P = 0.006) (Figure 6, 
C–E). These data validate the short-term biomarker studies and 
suggest that combining DNA damage with Chk1 inhibition is an 
effective antitumor strategy for TP53 mutant TNBC.
Since growth rate could potentially affect tumor response to the 
combination therapy, we compared tumor volume changes over 
time after engraftment of WU-BC3, WU-BC4, and WU-BC5 cells 
into the humanized mammary fat pads of mice (Supplemental 
Figure 2). Initially, WU-BC4 grew at a slower rate than WU-BC3 
and WU-BC5, but by the time of therapeutic treatment (day 65 for 
WU-BC3 and WU-BC5 and day 76 for WU-BC4), the growth rate 
of all 3 tumor lines was similar.
Figure 3
Chk1 inhibitors potentiate irinotecan-induced apoptosis selectively in TP53 mutant tumors. Mice harboring WU-BC3, WU-BC4 or WU-BC5 
TNBC were treated as indicated, and tumors were analyzed for cleaved caspase-3 by IF staining (A and B) or IHC staining (D). Representative 
images are shown in A, B, and D, with quantitations ± 95% CIs shown in C (for data in A and B) and E (for data in D), respectively. Original 
magnification, ×400. See Methods for experimental details. Statistics were obtained by the Wilson score method in SPSS 20. Notable com-
parisons are marked with ***P < 0.001.
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Knockdown of p53 sensitizes WU-BC3 tumors to combination therapy. 
Although TP53 can be sequenced in each HIM line and the func-
tional  integrity of various pathways assessed,  it  is  impossible 
to know all of the additional genetic changes present  in each 
tumor model without a comprehensive analysis of the genome, 
epigenome, and transcriptome. Therefore, we generated isogeni-
cally matched HIM lines differing only in p53 status. In this way, 
response to therapy could be directly correlated with TP53 status. 
To accomplish this, WU-BC3 cells were infected with control ret-
roviruses or retroviruses encoding p53-specific shRNAs (29) to 
generate BC3-p53WT and BC3-p53KD, respectively. As seen in 
Figure 7A, significant knockdown of p53 was achieved in BC3-
p53KD cells (compare lanes 1 and 3). Cells were also exposed to 
10 Gy ionizing radiation (IR) to assess functionality of the p53 
DNA damage response pathway in each WU-BC3 line. A robust 
accumulation of p21 was observed in irradiated BC3-p53WT (lane 
2) but not in BC3-p53KD cells (lane 4), verifying that p53 function 
was impaired in BC3-p53KD cells. Since defects in homologous 
recombination repair (HRR) could alter the sensitivity of TNBC 
cells to DNA-damaging agent, we assessed the integrity of HRR 
by monitoring for the appearance of RAD51 foci in response to 
DNA damage (Figure 7B). Both BC-p53WT and BC-p53KD cells 
formed RAD51 foci after exposure to 10 Gy IR, demonstrating 
that HRR was intact in these cells (Figure 7B). Next, WU-BC3 cells 
were incubated with either vehicle (DMSO), 10 nM irinotecan, 
100 nM AZD7762, 10 μM Chk2 inhibitor, or a combination of 
irinotecan followed by AZD7762 or Chk2 inhibitor, as indicated 
in Figure 7C. As seen in Figure 7D, p53 and p21 levels rose in irino-
Figure 4
Chk1 inhibitors enhance DNA damage and abrogate cell-cycle arrest induced by irinotecan selectively in p53 mutant tumors. Mice harboring 
WU-BC3 and WU-BC4 TNBC were treated as indicated, and tumors were costained for phosphohistone H3 (pH3, red) and γH2AX (green). Rep-
resentative IF images are shown in A and B, and quantitation ± 95% CIs are shown in C–E. Statistics were obtained by the Wilson score method 
in SPSS 20. **P < 0.01; ***P < 0.001. Original magnification, ×400. (F) Mice harboring WU-BC3 or WU-BC4 tumors were treated as indicated; 
tumors were lysed and analyzed by Western blotting with antibodies specific for S6 ribosomal protein, phosphorylated S6 ribosomal protein (pS6), 
and actin as a loading control. The ratio of phosphorylated S6 to total S6 protein was determined for each sample. Blots were developed using ECL 
detection reagent (GE Healthcare), and proteins were quantitated using ImageJ (53). Mean ratios are shown with 95% CIs. *P < 0.05.
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tecan-treated BC3-p53WT (lanes 2, 3), but increased only slightly 
in BC3-p53KD cells (lanes 9, 10), consistent with knockdown 
of p53 in BC3-p53KD cells. Treatment with irinotecan induced 
Chk1 autophosphorylation equally in both cell lines, but levels of 
γH2AX and cleaved caspase-3 were approximately 15- and 4-fold 
higher, respectively, in BC3-p53KD cells compared to that in BC3-
p53WT cells (lane 13 versus 6) when treated with the combination 
of irinotecan and AZD7762. Thus, knockdown of p53 sensitized 
WU-BC3 TNBC cells to the combination therapy. Similar results 
were observed when carboplatin or gemcitabine was used in place 
of irinotecan (Supplemental Figure 3).
Since AZD7762 inhibits both Chk1 and Chk2 (20), we tested 
to determine whether Chk2 inhibition contributed to the syner-
gistic antitumor effects observed when AZD7762 was combined 
with chemotherapy. A selective Chk2 inhibitor (compound 2h 
in Arienti, et al., ref. 30) was tested alone or in combination with 
irinotecan in BC3-p53WT and BC3-p53KD cells (Figure 7, C and 
D). As expected, addition of the Chk2 inhibitor blocked autophos-
phorylation of Chk2 in irinotecan-treated cells, as evidenced by 
the loss of the slower electrophoretic form of Chk2 (lanes 7 and 
14), but did not affect Chk1 autophosphorylation (Chk1 pS296, 
lanes 7 and 14). Unlike when AZD7762 was used, specific inhi-
bition of Chk2 in combination with irinotecan did not enhance 
levels of γH2AX or cleaved caspase-3 above that of irinotecan alone 
in either cell type (lane 3 vs. 7 and lane 10 vs. 14). Therefore, we 
conclude that the enhanced DNA damage and apoptosis observed 
when irinotecan was combined with AZD7762 was through inhi-
bition of Chk1, not Chk2.
The importance of p53 deficiency  in sensitizing tumors to 
the  apoptotic-inducing  effects of DNA damage  followed by 
Chk1 inhibition was further investigated in vivo using isogenic 
lines BC3-p53WT and BC-p53KD. Mice bearing BC3-p53WT or 
BC3-p53KD tumors were treated with either vehicle, irinotecan, 
AZD7762, or a combination of irinotecan followed by AZD7762 
using the same protocol as described for WU-BC3, WU-BC4, and 
WU-BC5 (Figures 3–5). Tumors were processed for costaining of 
cleaved caspase-3 and γH2AX (Figure 8, A–D) and for phospho-
histone H3 and γH2AX (Figure 8, E–H). Irinotecan followed by 
AZD7762 resulted in a significant increase in apoptosis in tumor 
cells knocked down for p53 (BC3-p53KD) compared with control 
cells (BC3-p53WT) (Figure 8B). Additionally, the combination 
therapy led to significant increases in the number of BC3-p53KD 
cells staining positive for both γH2AX (indicative of DNA DSBs) 
(Figure 8, C and G) and phosphohistone H3 (indicative of mito-
sis) (Figure 8F) compared with that in BC3-p53WT cells (Fig-
ure 8, C and G). Approximately 40% of BC-p53KD cells staining 
positive for phosphohistone H3 also stained positive for γH2AX 
(Figure 8H), suggesting that the combination therapy forced 
p53-deficient tumor cells into mitosis despite their high content 
of DNA DSBs. Given that 40% of BC3-p53KD cells staining nega-
tive for cleaved caspase-3 were positive for γH2AX (Figure 8D) 
and that 80% of γH2AX-positive cells were negative for cleaved 
caspase-3 (data not shown), γH2AX staining selectively detected 
irinotecan-induced DNA DSBs that failed to be repaired in p53-
deficient cells rather than being an indirect effect of Caspase 
Activated DNase-mediated (CAD-) apoptotic DNA cleavage.
Figure 5
Enhanced DNA damage and checkpoint bypass in p53-deficient TNBC treated with combination therapy. Mice harboring WU-BC3 and WU-BC5 
TNBC were treated as indicated, and tumors were stained for γH2AX (A) and phosphohistone H3 (C). Original magnification, ×400 (A); ×200 (C). 
Representative IHC images are shown in A and C; quantitation ± 95% CIs are shown in B and D. Statistics were obtained by the Wilson score 
method in SPSS 20. ***P < 0.001.
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Discussion
Using HIM tumor models of TNBC, we demonstrated that UCN-01 
(nonselective  Chk1  inhibitor)  and  AZD7762  (selective  Chk1 
inhibitor) abrogated irinotecan-induced S and G2 cell-cycle arrest, 
increased apoptosis, and reduced tumor growth in TP53 mutant, 
but not TP53 WT, TNBC. In addition, knockdown of p53 sensitized 
WU-BC3 TNBC cells to the combination therapy of irinotecan and a 
Chk1 inhibitor, either UCN-01 or AZD7762. Importantly, the com-
bination treatment significantly (P = 0.006) extended the survival of 
mice harboring p53-deficient but not p53-proficient TNBC.
Most of the existing preclinical breast cancer xenograft models uti-
lize cancer cell lines that have undergone multiple passages ex vivo 
prior to implantation. Not surprisingly, discordance between pre-
clinical predictions and clinical trial data has been observed, thereby 
posing significant challenges in the development of novel anticancer 
therapeutics using these models. A major strength of the HIM model 
is that it uses tumors obtained directly from patients that are imme-
diately transplanted and propagated in the context of a humanized 
mammary fat pad, resulting in a closer resemblance to the human 
tumor counterpart (21). Our data demonstrated that the established 
xenografts (passages 1–5) and their original human tumor clustered 
more closely with each other than with any other tumor (Figure 2 
and Supplemental Figure 1). In a whole genomic sequencing analy-
sis comparing a first-passage HIM tumor, the primary breast tumor 
from which the HIM model was established, and a brain metasta-
sis in an African American patient with basal-like breast cancer, the 
HIM tumor did not gain any de novo mutations, retained all muta-
tions present in the primary breast tumor, and displayed a mutation 
enrichment pattern that resembled the brain metastasis (31). The 
similarity between the HIM model and its human tumor counterpart 
in gene expression pattern and genomic mutation spectrum makes 
it a powerful system for functional and therapeutic studies. The dif-
ference in the gene-expression profile and molecular subclassifica-
tion between WU-BC3 (HER2-E subtype) and the basal-like tumors 
(WU-BC4 and WU-BC5) demonstrates that HIM models are able to 
capture the molecular heterogeneity of TNBC.
TNBC is among the most difficult to treat of the breast cancer 
subtypes due to the lack of a specific molecular target for existing 
treatment strategies. It is a high priority in cancer research to devel-
op targeted approaches to treating this aggressive form of breast 
cancer. Our experiments using HIM TNBC xenograft models pro-
vide proof of principle that TNBCs harboring TP53 mutations may 
be effectively targeted by the combination of a DNA-damaging 
agent followed by a Chk1 inhibitor. This synthetic lethal strategy is 
based on a tumor-specific mutation (TP53 mutation) and a drug, 
in this case a DNA-damaging agent combined with a Chk1 inhibi-
tor, acting together to cause the tumor cell to undergo apoptosis, 
similar to the synthetic lethal interactions of BRCA1 mutations 
and poly(ADP-ribose) polymerase (PARP) inhibitors (32). WU-BC5 
was derived from a brain metastasis, which harbors 50 validated 
point mutations, small indels, and significant copy number varia-
tions, from the same patient who was subjected to whole-genome 
sequencing analysis discussed above (31). Despite the complexity 
of the genomic background, WU-BC5 was sensitive to the combi-
Figure 6
Effect of combination therapy on tumor growth and host survival. Tumor-bearing NOD/SCID mice were randomly assigned to the indicated treat-
ment groups (vehicle, irinotecan, AZD7762, or the combination of irinotecan and AZD7762; n = 10 per group). Mice were followed until death or 
sacrificed if tumor size reached 2 cm or mice experienced unacceptable toxicities. (A) Kaplan-Meier survival curve following therapy initiation 
using animal sacrifice as the terminal event. Animals dying of other causes were right-censored from the analysis at the observed time of death 
and are marked on the survival curves with an X. (B) Median time to animal sacrifice for mice treated in each treatment arm. (C and D) Tumor 
growth following therapy initiation for individual mice in each treatment group for WU-BC3 and WU-BC4, respectively. (E) Tumor growth curve 
for individual mice treated with either irinotecan or the combination of irinotecan and AZD7762.
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nation of a DNA-damaging agent and a Chk1 inhibitor, which is 
likely due to TP53 mutation. Our study provides preclinical ratio-
nale for the clinical investigation of this strategy in TNBC. Our 
phase I trial testing the combination of irinotecan and UCN-01 in 
patients with advanced solid tumor malignancies showed promise 
in patients with TNBC (33), and the extension phase of the trial is 
currently being conducted in patients with metastatic TNBC.
It is interesting to note that the 2 HIM models that responded 
to the combination treatment (WU-BC4 and WU-BC5) were both 
basal like by molecular subtyping, whereas WU-BC3 is HER2-E and 
did not respond. Although a subtype-specific antitumor response to 
the combination therapy might be a possibility, the enhanced apop-
totic response of WU-BC3 to the combination therapy when p53 
was knocked down in these cells argues against this possibility.
In addition to Chk1, UCN-01 targets several other kinases, includ-
ing PDK1 in the PI3K pathway, while AZD7706 is a more selective 
Chk1 inhibitor. Given that UCN-01, but not AZD7762, inhibits 
PDK1, yet both agents induced checkpoint bypass and apoptosis in 
TP53 mutant TNBC, we conclude that Chk1 inhibition, not PDK1 
inhibition, is the mechanism of antitumor effect of these inhibitors. 
Furthermore, AZD7762, but not UCN-01, is a potent Chk2 inhibitor, 
arguing that Chk1, rather than Chk2, inhibition is responsible for 
the antitumor effects observed with these protein kinase inhibitors. 
In support of this conclusion, a selective Chk2 inhibitor was unable 
to induce checkpoint bypass or enhance the DNA damage and apop-
totic effects of irinotecan in the p53 knockdown cell line BC3-p53KD 
(Figure 7). This is consistent with previous findings reporting that 
knockdown of Chk1 in the presence of endogenous Chk2 is suffi-
cient to abrogate S and G2 checkpoints in cells with DNA damage, 
while Chk2 knockdown does not induce checkpoint bypass nor does 
Chk2 knockdown synergize with Chk1 knockdown to potentiate 
checkpoint bypass (34–36). Our results are also consistent with previ-
ous findings that knockdown of Chk2 fails to sensitive cells to either 
radiation or gemcitabine and inhibition of Chk2 by VRX0466617, a 
potent and selective Chk2 inhibitor, does not synergize with either 
doxorubicin or cisplatin in tumor cell killing (20, 37–39). Therefore, 
inhibition of Chk1 is the major factor responsible for mediating the 
antitumor effects of UCN-01 and AZD7762 in combination with iri-
notecan in the absence of a functional p53 pathway.
In addition to TNBC, Chk1 inhibitors may be effective in other 
breast cancer subtypes that are deficient in TP53. TP53 mutation 
is one of the most common genetic abnormalities in breast cancer 
(40, 41) and associates with more aggressive disease and a poor 
clinical outcome (40–43). Although the overall frequency of TP53 
mutation is 20%–30%, the incidence is much higher in certain 
breast cancer subtypes. In an analysis of 330 breast cancer cases, 
the overall incidence of TP53 mutation was 25% (1), but was much 
higher in basal-like tumors (44%) and HER+ER– (43%) subtypes in 
contrast with luminal B (23%) and luminal A (15%) breast cancers 
(1). In an analysis of 543 patients with node-negative breast cancer, 
Figure 7
p53 status is a key determinant of how TNBCs respond to DNA damage followed by Chk1 inhibition. WU-BC3 cells were infected with control 
retroviruses or retroviruses encoding p53-specific shRNAs to generate the BC3-p53WT and BC3-p53KD lines, respectively. (A and B) Cells were 
either mock irradiated (–) or exposed to 10 Gy IR (+) and then monitored for the integrity of the p53 pathway by observing changes in the levels of 
p53 and p21 by Western blotting (A) and for the integrity of HRR by monitoring for the appearance of Rad51 foci (B; pink stain, Rad 51). Original 
magnification, ×400. (C) Timeline of treatment of cells with either vehicle, irinotecan, AZD7762, the Chk2 inhibitor, or irinotecan in combination 
with AZD7762 or the Chk2 inhibitor. Cell lysates were prepared and analyzed for the indicated proteins by Western blotting (D).
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Figure 8
p53 status is the key determinant of TNBC response to DNA damage followed by Chk1 inhibition in vivo. Mice harboring BC3-p53WT and BC3-
p53KD were treated as indicated, and tumors were analyzed by IF staining for cleaved caspase-3 and costaining for phosphohistone H3 or 
γH2AX. (A) Representative IF costaining for cleaved caspase-3 (green) and γH2AX (red). Quantitation is shown for cleaved caspase-3–positive 
(B), γH2AX-positive (C), and cleaved caspase-3–negative cells that are positive for γH2AX (D). (E) Representative IF costaining for pH3 (red) 
and γH2AX (green). Original magnification, ×400. Quantitation is shown in F (pH3), G (γH2AX), and H (pH3-positive cells also positive for γH2AX). 
Statistics were obtained by the Wilson score method in SPSS 20. **P < 0.01; ***P < 0.001.
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HER2-amplified tumors had a TP53 mutation frequency of 38.9% 
(44). There is also an increased incidence of TP53 mutation in 
cancers arising from patients with germ-line mutations of BRCA1 
and BRCA2 (45, 46). In typical medullary breast carcinomas, TP53 
mutation occurs in 100% of the cases (47). In addition to muta-
tions in TP53, p53 pathway components can be inactivated by 
other genetic or epigenetic events. Examples include low or absent 
expressions of Ataxia Telangiectasia (ATM) (48) or Chk2 (49) and 
Murine Double Minute (MDM2) amplification (50). Therefore, it 
has been of great interest to develop strategies to target tumors 
that are defective in the p53 pathway. Several other selective Chk1 
inhibitors are in preclinical and clinical development and should 
provide exciting new opportunities for targeting TP53 mutant 
tumors, including a significant fraction of breast cancer (51).
In summary, we demonstrated that the combination of a Chk1 
inhibitor and a DNA-damaging agent is effective against HIM mod-
els of TNBC that bear TP53 mutations, arguing that clinical trials 
testing this type of strategy in human breast cancer are warranted.
Methods
Chemicals. UCN-01 powder, Chk2 inhibitor II hydrate, and carboplatin were 
purchased from Sigma-Aldrich, and dissolved in DMSO at 1 mg/ml, 10 mM, 
and 50 mM, respectively.  Irinotecan (20 mg/ml) was purchased from 
Hospira Inc. AZD7762 was manufactured by Axon Medcam BV. Gem-
citabine was purchased from BioVision.
Establishment of orthotopic TNBC xenograft models. The HIM xenograft mod-
els were established according to published protocols (21). Briefly, epithe-
lium was removed from the fourth mammary glands of 3- to 4-week-old 
NOD/SCID mice (Charles River Laboratories). Two to four weeks follow-
ing the clearance procedure,  immortalized human mammary stromal 
fibroblasts derived from a patient undergoing a reduction mammoplasty 
were irradiated and then injected into the cleared mammary fat pads to 
create humanized mammary fat pads. Approximately 3 weeks later, human 
breast tumor cells were implanted into the humanized mammary fat pads. 
Established xenografts were then passaged in the mammary fat pads of 
recipient humanized NOD/SCID mice for our studies.
Preparing human breast tumors for engraftment. Human breast tumors from 
needle biopsies or tumors passaged in mice were suspended in complete 
medium (DMEM/F12 medium [cat. no. SH30023.01; HyClone] supplement-
ed with 10% bovine calf serum [cat. no. SH30072.03; HyClone] and antibiot-
ics [100 U/ml penicillin, 100 U/ml streptomycin and 250 ng/ml fungizone]) 
on ice. Tumors were minced into approximately 1-mm pieces under sterile 
conditions and then transferred to 15 ml conical tubes containing 3 mg/ml 
collagenase (cat. no. 1088793; Roche), 250 U/ml hyaluronidase (cat. no. 
H-3506; Sigma-Aldrich), and antibiotics. Samples were incubated at 37°C 
until minced tissues dissociated into single cells. Cells were pelleted and 
supernatants discarded. Cells were washed in PBS. Cells were resuspended 
in 5–10 ml rbc lysis buffer (cat. no. R-7757; Sigma-Aldrich) and incubated for 
15 minutes at 37°C. Cells were pelleted and washed in 10 ml PBS. Cells were 
resuspended in an equal volume of 0.05% trypsin-EDTA (Gibco; Invitrogen) 
and incubated for 5 minutes at 37°C. Trypsin was inactivated with complete 
medium, and cells were pelleted and then washed twice with PBS. All cen-
trifugation steps were performed at 230 g for 5 minutes at 4°C. Cells were 
resuspended in complete medium and filtered through a sterile 40-μm filter. 
1 × 106 tumor cells and 5 × 105 fibroblasts (2.5 × 105 that were exposed to 
4 Gy IR and 2.5 × 105 untreated cells) were mixed and added to an equal vol-
ume of a 1:1 mixture of Matrigel (cat. no. 354234; BD Biosciences) and Col-
lagen I (cat. no. 08-115; Upstate). The suspension was kept on ice until injec-
tion. The cell-suspension mixture was injected into the area of humanization 
with a 27-gauge syringe. The final volume was 35 μl per mammary gland. 
Established tumors implanted in the left and right humanized mammary fat 
pads of NOD/SCID mice were allowed to grow until their maximum diam-
eter reached approximately 0.7 to 1.0 cm. Mice were sacrificed and single-cell 
suspensions were prepared from each tumor for further passaging in mice.
Microarray analysis. Total RNA from human counterpart and xenograft 
tumors was purified, amplified, and labeled (Cy5-sample, Cy3-control), 
and microarray hybridizations were performed using Agilent 4×  44K 
Whole Human Genome Microarrays. For Cy3-controls, we used Stratagene 
Human Universal Reference (22) enriched with equal amounts of RNA 
from the MCF7 and ME16C cell lines. Microarrays were hybridized over-
night, washed, dried, and scanned using an Agilent Scanner. The image files 
were analyzed and loaded into the UNC-CH Microarray Database (https://
genome.unc.edu/). Final normalized log2 ratios (Cy5-sample/Cy3-control) 
for each probe were obtained after removing probes with a Lowess normal-
ized intensity value of less than 10 in the Cy5-sample and/or the Cy3-con-
trol. Platform normalization procedures were then applied as previously 
described (52), and intrinsic subtype classifications were identified from the 
PAM50 microarray-based assay described in Parker et al. (22). Microarray 
data for this study have been deposited in GEO Omnibus (GSE28860).
Experimental therapy for biomarker analysis. 1 × 106 breast cancer cells were 
implanted into each humanized mammary fat pad of recipient mice for exper-
imental therapies. Tumors were allowed to grow to approximately 0.5 cm 
prior to treatment. To assess the functional integrity of the p53 pathway, 
NOD/SCID mice bearing either WU-BC3, WU-BC4, or WU-BC5 tumors 
were treated with vehicle (DMSO) or irinotecan (100 mg/kg i.p.). Tumors 
were harvested 24 hours later and analyzed for p53 and p21 by Western 
blotting. To assess the effects of Chk1 inhibitors (UCN-01 or AZD7762) on 
irinotecan-induced DNA damage, cell-cycle arrest, and apoptosis, 2 mice 
(each harboring 2 xenograft tumors, 1 at each mammary fat pad) were allo-
cated to each treatment group for each HIM model (DMSO only, irinotecan 
only, Chk1 inhibitor only, and the combination of irinotecan and Chk1 
inhibitor). Table 1 outlines the experimental procedure used for therapy 
and tumor harvesting. Irinotecan (or vehicle) was administered (100 mg/kg) 
i.p. at hour 0, followed by UCN-01 (4 mg/kg) or AZD7762 (25 mg/kg) or 
vehicle i.p. at hours 24 and 42. Mice were then euthanized and tumors 
harvested at hour 48, with the exception of 1 mouse in the irinotecan-only 
treated group, which was sacrificed at hour 24. Each xenograft tumor was 
cut into 2 pieces with 1 piece fresh frozen for Western blotting and the other 
piece fixed and embedded in paraffin blocks for IHC or IF staining.
Experimental therapy for tumor growth and survival studies. Approximately 1 × 106 
breast cancer cells derived from WU-BC3 and WU-BC4 tumors were implanted 
into left and right humanized mammary fat pads of recipient NOD/SCID 
mice for treatment. Ten mice (20 xenograft tumors) were allocated to each 
group for each HIM model. Treatment began when tumors reached approxi-
mately 0.5 cm. DMSO or irinotecan (50 mg/kg i.p.) was administered on day 1, 
followed by AZD7762 (25 mg/kg i.p.) or vehicle on days 2 and 3 of a 5-day cycle. 
Mice were subjected to a total of 4 cycles of therapy. Tumors were measured by 
calipers prior to drug treatment, every 2–3 days following the initiation of drug 
therapy, and at the termination of the experiment. Tumor volume was calcu-
lated using the following equation: V = 0.5 × ([greatest diameter] × [shortest 
diameter]2). Mice were followed until death or were sacrificed earlier if tumors 
reached 2 cm in size or if mice experienced intolerable toxicities.
Xenograft tumor processing for Western blotting. Tumors were lysed in RIPA 
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% 
sodium dodecyl sulfate, 0.5% deoxycholic acid) containing 5 μg/ml apro-
tinin, 10 μg/ml leupeptin, 1 μM PMSF, 1 mM sodium fluoride, and 10 mM 
β-glycerophosphate. Samples were subjected to 3 rounds of freeze/thawing 
at –80°C and 37°C, respectively. Samples were then incubated on ice for 
10 to 15 minutes, followed by sonication on ice for 7 seconds using a small 
tip sonicator. Samples were placed on ice for 20 seconds, followed by 2 
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rounds of sonication, and then placed on ice for an additional 30 minutes. 
Samples were centrifuged at 10,000 g at 4°C for 5 minutes. Supernatants 
were removed to fresh tubes, and protein concentrations were determined 
using Bio-Rad Protein Assay Dye Reagent Concentrate.
Western blotting. Samples (50–100 μg) were run on Bio-Rad Criterion gels 
and transferred to PVDF for Western blotting using standard procedures. 
Antibodies used for Western blotting include those recognizing S6 ribo-
somal protein (#2217; Cell Signaling Technology), phospho-S6 ribosomal 
protein Ser240/244 (#4838; Cell Signaling Technology), p21 (sc-6246;, 
Santa Cruz Biotechnology Inc.), p53 (sc-126; Santa Cruz Biotechnology 
Inc.), cleaved caspase-3 (#9961; Cell Signaling Technology), γH2A.X (#05-
636; Millipore), Chk1 (#2344; Santa Cruz Biotechnology Inc.), Chk1 pS296 
(#2580-1; Epitomics), Chk2 (#05-649; Millipore), actin (A-4200; Sigma-
Aldrich), and β-catenin (#610154; BD Biosciences). Secondary antibodies 
used were HRP goat anti-rabbit (#81-1620; Invitrogen) and HRP goat anti-
mouse (#115-035-062l; Jackson ImmunoResearch). Protein was detected 
using ECL (#RPN 2106; GE Healthcare).
Quantitation of pS6 levels. Blots were developed using ECL Detection Reagent 
(GE Healthcare), and proteins were quantitated using ImageJ (53). The ratio 
of phosphorylated S6 to total S6 protein was determined for each sample. 
GraphPad Prism software was used for graphing and statistical analysis.
IF staining. Each mammary tumor was excised, half was rapidly frozen on dry 
ice (to use for Western blotting), and the remainder was fixed in 10% neutral 
buffered formalin (Fisher Scientific) overnight. Tumor samples were embed-
ded in paraffin, and 5-μm sections were cut and then baked in an oven at 70°C 
for 20 minutes. Sections were deparaffinized by immersing in xylene (Fisher 
Scientific) 3 times for 5 minutes each and rehydrated by immersing twice 
through a decreasing gradient of alcohol (100%, 95%, 70%, 50%, and distilled 
H20) for 2 minutes each. Antigen retrieval was carried out by boiling samples 
in rodent decloaker agent (Biocare Medical, RD913M) for 30 minutes followed 
by cooling at room temperature for an additional 30 minutes. Endogenous 
peroxidase activity was blocked by incubating sections in Peroxidase Block-
ing Reagent (Dako) for 10 minutes. Nonspecific interactions were blocked by 
incubating sections in Protein Block (Dako) for 1 hour at room temperature. 
Primary and secondary antibodies were diluted in Antibody Diluent (Dako). 
Sections were then incubated with either cleaved caspase-3 (Asp175) antibody 
(1:100; Cell Signaling Technology) or costained by incubating with phospho-
histone H3 (Ser28) antibody (1:1000; Sigma-Aldrich) and γH2AX (Ser139) 
antibody (1:100; Cell Signaling Technology) overnight at 4°C. The following 
secondary antibodies (Molecular Probes) were applied for 1 hour: FITC-con-
jugated anti-rabbit antibody (Alexa Fluor 488) for cleaved caspase-3 or γH2AX 
and TRITC-conjugated anti-rat antibody (Alexa Fluor 594) for phosphohis-
tone H3 staining. All fluorescently labeled sections were counterstained with 
DAPI using the ProLong Gold Antifade–DAPI reagent (Invitrogen).
IHC. For IHC staining, tumor sections were processed as described for IF 
staining except that endogenous peroxidase activity was blocked by incubat-
ing in 3% hydrogen peroxide dissolved in methanol for 15 minutes. Antigen 
retrieval and blocking were carried out as described for IF staining. Sections 
were incubated with phosphohistone H3 (Ser10) antibody (1:400; Millipore), 
γH2AX (Ser139) antibody (1:200; Millipore), and cleaved caspase-3 (Asp175) 
antibody overnight at 4°C followed by incubation with secondary EnVision 
+ Single Reagents HRP anti-rabbit antibody (Dako) for 30 minutes at room 
temperature. Positive staining was visualized using HRP substrate diamino-
benzidine diluted in REAL substrate buffer (Dako) applied for 10 minutes, 
followed by intermediate rinses in PBS. Sections were counterstained with 
Meyer’s hematoxylin for 1 minute, dehydrated in an ascending ethanol series 
(70%, 95%, and 100%), and cleared with xylene. Sections were mounted using 
Cytoseal XYL Mounting Medium (Richard-Allan Scientific).
Infection of WU-BC3 cells. WU-BC3 cells were grown in McCoy’s 5A (16600; 
Invitrogen) supplemented with 10% FBS, 1% glutamine, and 1% penicillin-
streptomycin. When logarithmically growing cells reached approximately 
50% confluency, they were infected with control retroviruses (pMKOPuro, 
Addgene plasmid 8452) (29) or pMKOPuro expressing p53-specific shRNA 
using a lift infection protocol. Briefly, cells were trypsinized and then 
rinsed with fresh medium to inactivate the trypsin. Cells were infected in 
suspension at an MOI of 20 in the presence of 8 μg/ml polybrene. Infected 
cells were then replated and incubated for 4 hours. The next day, cells were 
reinfected for an additional 4 hours. After the second infection, the medi-
um was changed and the cells were cultured for 24 hours followed by drug 
selection with 1 μg/ml puromycin (#A11138-03; Invitrogen). Drug-resis-
tant colonies were pooled and expanded. These cells were then treated with 
vehicle (DMSO), 10 nm irinotecan, 100 μM carboplatin, 30 nM gemcitabi-
ne, 100 nM AZD7762, and 10 μM Chk2 inhibitor II hydrate as described in 
the figure legends. Cells were lysed and proteins were resolved on Criterion 
gels (Bio-Rad) and transferred to nitrocellulose for Western blotting.
Monitoring integrity of HRR.  BC3-p53WT  or  BC3-p53KD  cells  were 
exposed to 10 Gy IR for 1 hour and then fixed in 3.7% paraformaldehyde 
for 20 minutes. Cells were permeabilized in 0.5% Triton X-100 for 2 min-
utes. followed by blocking in Dako Protein Block (Dako) for 60 minutes. 
Permeabilized cells were incubated in the presence of rabbit anti-Rad51 
antibody (0.5 μg/ml; cat. no. ABE257, Millipore) overnight at 4°C. Alexa 
Fluor 594–conjugated goat anti-rabbit IgG antibody (5 μg/ml; cat. no. 
A-11012, Millipore) was used for IF detection. Slides were covered with 
ProLong Gold Antifade-DAPI reagent (Invitrogen).
Statistics. Tumor cells staining positive for phosphohistone H3 and/or γH2AX 
or cleaved caspase-3 were counted in 5 randomly selected fields per tumor at 
×400 magnification. Approximately 1,382 to 2,182 cells were counted. Propor-
tions were calculated in SPSS 20 using the Wilson score method with continu-
ity correct described by Newcombe (54). All proportions are presented with 
95% CIs. Survival and tumor growth data were analyzed and graphed in SPSS 
19 (IBM) using animal sacrifice as the terminal event. Animals dying of other 
causes were right-censored from the analysis at the observed time of death 
and are marked on the survival curves with an X (Figure 6A). Median times to 
animal sacrifice ± 95% CIs were calculated using Kaplan-Meier analysis, and 
pairwise significance values were calculated using the log-rank test. P < 0.05 
was used for significance for all reported statistics. Additionally, lower P value 
thresholds are noted in figures to emphasize important statistical tests.
Study approval. This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the NIH. The protocol was approved by the Committee on the Eth-
ics of Animal Experiments of Washington University. Human breast tumor 
samples for establishing the HIM models were obtained under the auspices 
of an Institutional Review Board–approved protocol at the Siteman Cancer 
Center and Washington University School of Medicine. Informed consent 
was obtained from all patients involved.
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